Abstract-We study, both experimentally and theoretically, the deformation of blanketed and patterned bilayer thin film microstructures subjected to temperature cycles from room temperature to elevated temperatures following processing by surface micromachining and release from the substrate. While the theoretical treatment is general, the experimental component focuses on beam-like microstructures consisting of a 0.5 m thick gold film on a polysilicon film that is either 1.5 m or 3.5 m thick. For all microstructures the underlying polysilicon film is the same size, but the gold film is patterned into a line that runs the length of the beam. Its width is varied from 0 to 100% of the width of the polysilicon. We experimentally characterize the deformation by measuring the full-field deflection of the gold/polysilicon bilayer beams as a function of temperature using a white-light interferometric microscope. From the deflection, the curvature is determined, and we report the evolution of curvature with the temperature cycling. Qualitatively the behavior is the same regardless of the linewidth. The quantitative differences can be described by a simple model incorporating an inelastic temperature-driven mechanism in addition to linear thermoelastic behavior. We show experimentally and/or analytically, how the parameters in the model vary with linewidth. The results are discussed in the context of the current understanding of microstructural evolution in thin-film metals, and in relation to anticipated thermoelastic response. We show that via a suitable thermal process, the thin film material microstructure can apparently be stabilized over a prescribed temperature range, rendering the subsequent deformation linear thermoelastic. We discuss the implications of these findings in the context of the design and fabrication of high-yield, dimensionally stable MEMS devices utilizing bilayer material systems. Although our measurements are focused on gold/polysilicon bilayer films, the concepts and associated analysis are applicable to other bilayer film systems, particularly ones with metals, although there will surely be quantitative differences.
Deformation of Blanketed and Patterned Bilayer Thin-Film Microstructures During Post-Release
and Cyclic Thermal Loading is used to yield suitable optical properties. The latter include many microactuators, including bilayers which rely on misfit strains, for example due to thermal expansion mismatch, between two adhering layers. To obtain the necessary thermal expansion mismatch in bilayer actuators, one film is typically a metal and the other a material with a much lower thermal expansion coefficient such as a glass or ceramic. Innovative designs and layering arrangements have led to microactuators capable of deforming both in and out of the plane of the bilayer, providing three-dimensional motion. Such actuators have been used for many purposes including RF switches, optical positioning, accelerometers, and 3-D microassembly [1] - [7] . Irrespective of the intended application, MEMS multilayer material systems are susceptible to substantial deformation upon temperature changes, and their implementation relies on a solid understanding of this behavior, either to use it productively or to compensate for it. In either case, the most straightforward phenomenon to deal with from a design viewpoint is linear thermoelastic behavior where the multilayer deforms linearly with a temperature change. Metal films, however, do not typically exhibit a stable microstructure in their as-deposited state, and exposing them to temperature excursions results in highly nonlinear deformation behavior during the first few cycles due to microstructural evolution such as annihilation of excess vacancies, void coalescence, and grain growth. This phenomenon has been known for some time in the microelectronics materials community [8] - [11] where the primary interest has been in understanding the evolution of stresses in deposited metal lines over a few thermal cycles. It exists in the context of MEMS multilayers, also, and rears its head in the form of short-term and long-term dimensional stability issues due to inelastic deformation mechanisms in the metal. Relevant examples include RF switch arrays [12] , tunneling accelerometers [5] , and resonant mass sensors [13] . In MEMS applications the film thicknesses are often, but not always, comparable, unlike in microelectronics where the metal film is typically orders of magnitude thinner than the substrate. We refer to the latter as the thin-film limit of the case of two arbitrary thickness films. In the cases where the film thicknesses in MEMS multilayers are not comparable, i.e., one layer is orders of magnitude thinner than the other layer, the studies in microelectronics are directly applicable. Our efforts here are focused on the cases where the film thicknesses are comparable. This leads to quite different stress states in the films because the large stresses that would exist in the thin-film limit are substantially relaxed by bending of the multilayer.
Furthermore, there is a through-thickness stress gradient, unlike in the thin-film limit where the stress through the thickness of the film is essentially constant since the substrate is so thick. Motivated by microelectronics applications, curvature and stresses have been studied recently for substrates with periodic patterned line geometries [14] - [22] . These studies have focused on both unpassivated and passivated metal lines. Regarding the former, which is most relevant for our purposes, they have shown that patterning in the form of lines can substantially alter the curvature of the film/substrate system and the stress state in the lines both along and across the direction of the lines. In all of these studies the substrate is much thicker than the film and a periodic pattern of lines is considered. As such, these results are not directly applicable to the situation we consider here-a substrate of comparable thickness to the film and a single line on a beam-type structure where the free transverse edges can come into play.
The thermoelastic deformation experienced by such microstructures has been the subject of numerous studies and is fairly well understood, including both linear and geometrically nonlinear deformation [23] . Very little work has focused on inelastic deformation of thin film microstructures subjected to thermal loading [12] , [24] , [25] . In this work we study the deformation response of thin film bilayer beams during the first few thermal cycles to elevated temperatures (of 100 -275 ) following processing and release from the substrate. While this temperature range is modest compared to similar studies with aluminum and copper films for microelectronics applications, it is quite relevant for practical microsystems applications, including postfabrication packaging processes. Furthermore, it is relevant for optical applications where the optical properties of gold film covered micromirrors have been observed to degrade at temperatures of about 275 [26] . Our efforts primarily involve characterization of the deformation response by measuring the full-field deflection of gold/polysilicon bilayer beams as a function of temperature using an interferometric microscope. From the deflection profile we determine the curvature and study its evolution with the temperature cycling. We propose a simple model to describe the observed behavior which incorporates an inelastic temperature-driven mechanism in addition to linear thermoelastic behavior. We discuss the results in the context of the current understanding of microstructural evolution in thin-film metals, and discuss their use for the design and fabrication of reliable devices utilizing multilayer material systems. Regarding the latter, we show that via a suitable thermal process, the microstructure can apparently be stabilized over a prescribed temperature range, rendering the subsequent deformation linear thermoelastic.
II. SAMPLES AND MEASUREMENTS
We designed a series of gold/polysilicon beam-like microstructures and fabricated them using the MUMPs' surface micromachining process, specifically MUMPs runs 36 and 46 [27] . The process consists of a series of standard microelectronics lithography, thin-film deposition, and etching processes. Briefly, the relevant steps of the complete process consist of depositing a 2--thick sacrificial film of phosphosilicate glass (PSG) on top of a 600-nm-thick silicon nitride film on for 1 h to dope the polysilicon with phosphorus from both PSG films, and to reduce the residual stress in the polysilicon film. The top PSG and polysilicon films are lithographically patterned and etched to produce the desired beam and plate shapes and sizes. Another 0.75--thick PSG sacrificial film is then deposited, followed by a second 1.5--thick polysilicon film (Poly2), and another 200 nm PSG film to serve as a mask for patterning and etching the Poly 2 layer to conform to the desired beam and plate shapes and sizes. This is followed by another annealing process to minimize residual stresses and stress gradients. A 0.5-gold film with a 200-chromium adhesion layer is deposited, then lift-off patterned [28] . Finally, the polysilicon/gold microstructures are freed from the substrate by etching away the PSG sacrificial film in a 49% hydrofluoric acid solution. In order to assure the etchant attacks the PSG completely and in a timely manner, etch holes are patterned in the microstructures to provide an easy flow path for the etchant. The thin film microstructures are then dried using a supercritical drying process to prevent the beams from sticking to the substrate. Scanning electron micrographs of beam-like microstructures are shown in Fig. 1 ; the geometrical parameters used subsequently are defined in Fig. 1(d) . For each MUMPs' run, Cronos measures film stresses using wafer curvature. For MUMPs' 46, which is used for all but one measurement, the film stress in the Poly1 and Poly2 films is 12 and 11 MPa, respectively, both in compression. The film stress in the gold is 13 MPa, in tension. Stress gradients in the film result in curvature upon release. For the poly2 beams, the curvature after release is ; from this we estimate the stress gradient to be 7.9 . For the stacked poly1/poly2 beams, the curvature after release is ; from this we estimate the average stress gradient for the beam to be 6 . We use the terminology beam-like, recognizing that for the planar aspect ratio of these microstructures, plate theory, rather than beam theory, is formally required to describe the deformation. Nevertheless, for convenience we will refer to the microstructures as beams. The length of the beams was 300 and the width was 50 . Two series of microstructures were fabricated; with polysilicon thicknesses of 1.5 (formed from the MUMPs' Poly2 layer) and 3.5 (formed from the MUMPs' Poly1 and Poly2 layers). For both series, the gold was evaporated at a nominal thickness of 0.5 after deposition of a thin chromium adhesion layer. In addition, beams with patterned gold lines were fabricated with polysilicon thicknesses of 1. 5 and nondimensional linewidths of 0-1.0. The idea behind the design of the microstructures was to yield gold/polysilicon bilayer beam microstructures that were supported as freely as possible. To this end, the beams were supported from the substrate by a 16 diameter polysilicon support in the center of the beam. We measured the deformation of the microstructures as a function of temperature change using an interferometric microscope and a thermal chamber that is covered by a quartz window to allow optical access. The thermal system consists of closed-loop temperature controller, a microscope hot/cold stage, and a cooling system. Full-field measurements of the out-ofplane displacement were made with scanning white light interferometry as the temperature was changed. The resolution of the measured out-of-plane displacements, , is on the order of a nm as verified by making measurements on standard reference samples; the resolution of the temperature chamber is about 1 . A 5X Michelson objective was used yielding a lateral spatial resolution of about 2.7 . The test protocol is designed to carefully study the deformation of the bilayer beams upon release, and then upon subsequent uniform heating and cooling cycles over a temperature range from room temperature to 100 -275 . This temperature range encompasses the temperature excursions that are expected during many postprocessing and packaging steps. From room temperature, following release, the samples were heated to 100 at a rate of about 200 . The heating rate varies as the sample temperature approaches the target temperature; within about 5 of the target temperature, the heating rate dramatically decreases from about 200 to about 10 as the temperature slowly approaches the target temperature. When the samples are cooled, the cooling rate is approximately the same as the heating rate for temperatures above about 50
. Below 50 , the cooling rate decreases to an average cooling rate of about 50
. The samples were then heated and subsequently cooled for five more cy- increments with the interferometric microscope. At each increment the temperature was held for 3-4 min to make two measurements at thermal equilibrium. Upon temperature changes, the thermal expansion of the MEMS chip and the hot stage produces vertical movement of the microstructures. This can be observed from the motion of the interference fringes on the surface of the microstructures. Thermal equilibrium is typically reached in 3-4 min as indicated by lack of further fringe motion. From the measurements, full-field out-of-plane displacements of the surface of the beam were determined; typical results are shown in Fig. 2 . From the measured displacement field we determined the curvature along the length of the beam (the -direction) as . In all cases the curvature was found not to vary with position except within a localized area close to the support post, and thus the deformation is well-described by the average curvature. Although we can not measure them, we are confident that temperature gradients in the temperature chamber contribute insignificantly to the curvature of the gold/polysilicon plate microstructures. This claim is based on measurements of curvature developed in homogeneous single-layer polysilicon beams subjected to the same temperature change: they are about three orders of magnitude less than those developed in the gold/polysilicon beam microstructures.
III. RESULTS AND DISCUSSION
We begin by discussing the results for the fully covered beams . Figs. 3 and 4 show the measurements of curvature versus temperature for the fully covered gold/polysilicon microstructures with both 1.5 and 3.5 thick polysilicon films. Both microstructures exhibit similar response.
During the initial heating the deformation is thermoelastic, characterized by a decrease in curvature with a constant , until the temperature reaches about 80 (the theoretical thermoelastic slope is shown on each figure and is discussed later). Upon continued heating, the curvature changes at a much smaller rate. The small region of pure thermoelastic response (between room temperature and about 80 ) is consistent with results in thin aluminum and copper films on thick silicon substrates, typical of microelectronics applications [8] , [11] . The results in [8] and [11] , along with results from similar thin film/thick substrate systems, show that often initially exceeds the thermoelastic slope during the first cycle, but that then follows it for some period. This is attributed to plastic relaxation that occurs at room temperature caused by the high film stresses [11] .
In our measurements does not initially exceed the thermoelastic slope. This is not necessarily inconsistent with the results of Baker et al. [11] , though, because the stress levels in our films at room temperature are lower than the yield stress; the polysilicon layer is so thin that the stresses are relaxed by curvature, rather than plasticity (we discuss the stress state in more detail later). Between room temperature and 100 the curvature changes from positive to negative, our convention being that a positive curvature means a beam with the gold on top is curved upward. The existence of a region of that is much smaller than the thermoelastic value is consistent with many findings in thin film/thick substrate systems studied with microelectronics applications in mind (primarily aluminum and copper films on silicon substrates). The behavior in this region apparently results because the microstructure of the evaporated film is not stable in the as-deposited condition. The temperature increase during the first cycle promotes microstructural changes in the film. These result in tensile straining of the film which competes with the thermoelastic deformation [8] , [11] resulting in being much smaller than the thermoelastic value. Using high-resolution scanning electron microscopy we have studied the evolution of the gold microstructure during this first cycle. Upon release, the gold microstructure consists of a fine, roughly columnar, grain structure (average grain size about 500 nm). Furthermore, there exists a subgrain structure of about 25-50 nm size. Upon heating to 200 and cooling, there appears to be coalescence of the subgrain structure, but no significant growth of the overall grains. This would result in tensile straining of the gold film, consistent with the observed curvature response, although the magnitude of this effect is difficult to quantify. Heating to higher temperatures, say 500 -600 , and holding for longer times leads to observable grain growth, but associated with this is a loss of reflectivity of the gold so we do not study the behavior at these elevated temperatures. Upon cooling from 100 , the response is again thermoelastic, this time throughout the entire cooling process. This is in contrast to similar results for aluminum and copper films for microelectronics where yielding can occur upon cooling [8] , [9] , [11] . The reason for this difference, though, is because the temperature change in our experiments is much smaller than in most others; for example, the during our first cycle is only about 80 , while that during the experiments of Baker et al. [11] is about 600 . The curvature upon return to room temperature is larger than that initially at room temperature. The behavior during this first cycle, and during subsequent ones for that matter, is similar in character to the stress-strain response of metals exhibiting plasticity: elastic-plastic behavior during loading, followed by elastic unloading resulting in a permanent plastic strain.
As a point of reference, we have frequently referred to studies of thin film/thick substrate systems motivated by microelectronics. In discussing the second and subsequent cycles in our tests, a direct comparison to results from microelectronics applications is not appropriate. This is because in all microelectronics studies the first cycle is taken to a temperature high enough, and apparently for a time sufficient enough, to stabilize the material microstructure. As a result, the thermomechanical behavior of the second and subsequent cycles is the same. In our tests we have not taken the material to a temperature high enough to fully stabilize the gold microstructure in the first cycle. As a result, subsequent cycles going to successively higher temperatures appear to have the effect of continuing to stabilize the microstructure. In our tests, the response during the second cycle is similar to the first with the exception that the temperature change required to initiate inelastic behavior is increased; again the response is similar to the elastic-plastic response of a metal. Indeed, over the range of temperature cycles studied in our tests, each subsequent cycle is similar, exhibiting thermoelastic response upon heating until a point where nonlinear behavior commences. The cooling process is again thermoelastic with the subsequent room temperature curvature increasing with each cycle.
Also shown in Figs. 3 and 4 are results for a second set of tests on nominally identical microstructures with only two cycles: the first from room temperature to 200 and back to 30 , and the second to 275 and back to 30 . For both polysilicon thicknesses, the results of the first cycle to 200 neatly envelope the results of the set of tests with cycles up to 200 . Indeed these results suggest that although there is clearly a path dependence of the deformation behavior, this dependence is controlled by the maximum temperature reached during cycling, independent of how many increments are carried out to reach that temperature. The second cycle to 275
shows the same behavior observed in all cycles. For the microstructures with a 1.5 polysilicon film, the beam deflection upon cooling from 275 becomes too large to measure at about 100 . Although we cannot measure it, we expect that the corresponding curvature continues to increase linearly between 100 and 30 . We also expect that if a cycle were performed at a high enough temperature, the gold film would yield upon cooling resulting in a maximum curvature difference between the as-processed and thermal cycled conditions, consistent with behavior observed in thin film/thick substrate systems. Indeed we have observed these phenomena upon cooling below room temperature, but these results will be presented elsewhere.
The results presented here have been obtained at a constant heating/cooling rate. In terms of the stabilization of the material microstructure which results in inelastic material behavior, the rate, along with the time held at the elevated temperature, will probably play a significant role. Related to this is the behavior during subsequent thermal cycles to a temperature below the maximum reached. For example, if the samples from Figs. 3 and 4 were subsequently thermal cycled to 150 , they would be expected to follow the thermoelastic path. Indeed, preliminary data shows this to be the case for hundreds of cycles. Presumably over this range, the microstructure is stable. For cycles in the thousands, though, a gradual shift of the thermoelastic curve downward is observed, possibly due to creep and stress relaxation in the gold, although the thermoelastic slope is maintained [25] . These two issues are obviously closely related and are important, but beyond the scope of this study.
We have repeatedly referred to the response in certain regimes as linearly thermoelastic, meaning the curvature varies linearly with temperature change as predicted by the theory of linear thermoelasticity. In addition, we mentioned the distinction between beams and plates. Now we will take up both of these issues in some detail. Formally, we must treat these microstructures as plates. In fact, for the fully covered beams, the curvature in the transverse direction differs insignificantly from that along the length of the beam. When the displacements are small, the average curvature of a bilayer plate with in-plane dimensions much larger than the thickness, , depends linearly on the thermal expansion mismatch strain (where , and is the temperature change from a ref- erence temperature where ) and can be expressed as [29] - [32] ( 1) where , , and . In (1) we considered a two-layer plate with layer thickness and as shown in Fig. 1(d) . Each layer is assumed isotropic and characterized by a Young's modulus , Poisson's ratio , and thermal expansion coefficient . In the application to follow, we take layer 1 to be gold and layer 2 to be polysilicon. Equation (1), valid in the regime of small deformations, shows that the bilayer curvature is independent of the plate size and shape. An analysis similar to that which led to (1) can be carried out under the assumption that deformations normal to the long axis of the microstructure are zero, i.e., beam theory. Such an analysis leads to a curvature along the long-axis of the beam given by (1), but with and so . In the following we apply (1) to model the thermoelastic response of the gold/polysilicon bilayer plates, but do not consider the influence of the thin (20 nm) chromium adhesion layer, since it is so much thinner than the gold and polysilicon films. Calculations show that its contribution to the thermoelastic deformation is negligible. However, the role it plays in the inelastic deformation is unclear due to the lack of complete knowledge regarding the details of the deformation mechanisms.
Figs. 3 and 4 show the linear thermoelastic slope predicted by (1) as used for plates. It depends on the thermoelastic properties, thicknesses, and geometrical arrangement through the thickness of the films. The predicted thermoelastic slopes for the two microstructures are also shown in Table I , along with the average measured slope during the heating and cooling cycles. Calculation results for both plates and beams are tabulated. In all calculations both the gold and polysilicon are modeled as linear thermoelastic with isotropic material properties. Input parameters are , (in line with many measurements over many MUMP's runs; [33] ), , [34] . The thermal expansion coefficients of the materials are assumed constant and their average values over the temperature range considered are , and [34] . Although some uncertainty exists in the values of these material properties for the gold and polysilicon films, we think that they are accurate enough for the purpose of modeling the observed phenomena. Good agreement exists between the predictions using plate theory and the measurements while predictions based on beam theory are significantly less accurate, demonstrating the need to use plate, rather than beam, theory. While we have focused on the deformation of the gold/ polysilicon microstructures, in Fig. 5 we show the corresponding stress distributions through the thickness of the gold and polysilicon layers based on linear plate theory when subjected to a temperature drop of 100 . The stress scales linearly with the temperature change so results for different temperature changes can be obtained by simply scaling the results in Fig. 5 . In these calculations based on plate theory the stress is biaxial in the plane of the microstructure, and is uniform. In practice this assumption is accurate except for regions very near the edges and the center support; we verified that this was the case by carrying out full-field finite element calculations. The stress varies linearly through the thickness in both the gold and polysilicon films. For the temperature drop considered here, the stress in the gold layer is in tension; its magnitude is larger at the interface than at the free surface. In the polysilicon, the stress is compressive at the gold/polysilicon interface, decreases in magnitude through the thickness of the polysilicon, and becomes tensile at the polysilicon free surface. As the thickness of the polysilicon substrate increases, the slope of the linear stress distribution in both films decreases. In the thin-film limit (a very thick substrate) the stress is essentially constant through the thickness of each layer. The relaxation of stresses by curvature is also evident in these results. The magnitude of the stress in the gold layer is increased by about 50% as the thickness of the polysilicon layer is increased from 1.5 to 3.5 . It increases another 50 percent as the polysilicon layer becomes infinitely thick. However, Figs. 3 and 4 along with Table I show that for the same temperature change, the magnitude of the curvature developed in the gold (0.5 thick)/polysilicon (1.5 thick) microstructure is about four times that developed in the gold (0.5 thick)/polysilicon (3.5 thick) microstructure. In practice, either curvature or stresses may be critical design criteria; these results represent the tradeoffs between the two.
Although not shown, the evolution of curvature with temperature cycling for the beams with patterned lines is qualitatively identical to that for the fully-covered beams. In fact, for all of the beams with patterned lines, the temperature at which the inelastic behavior commences is about the same; the average of all samples is 105 with a standard deviation of 2 . This suggests that the mechanism responsible for the inelastic behavior is predominately temperature driven.
Further evidence leading to this conclusion comes from calculations of the elastic stress state in the gold for a temperature change as a function of . We have carried out such finite element calculations and found that the average Mises stress in the gold increases by about 60% as decreases from 1 to 0.1 for gold (0.5 thick)/polysilicon (1.5 thick) bilayer films. This leads us to conclude that the onset of inelastic deformation is driven primarily by temperature, rather than stress. The results in Figs. 3 and 4 along with those for various suggest a simple description of the evolution of curvature with temperature as shown in Fig. 6 . Four parameters are required: the as-released curvature , (and the associated release temperature, ), the critical temperature at which inelastic behavior commences, , the slope of the curve in the thermoelastic region, , and in the inelastic region, . In general , , and are functions of the linewidth , but is not. The as-released curvature is determined primarily by the intrinsic stress developed upon film deposition, cooling to room temperature, and release from the substrate. It should be directly related to the film stress that would be measured, for example by wafer curvature, before release. For simplicity we use only the single parameter to characterize the inelastic response. We could incorporate a more accurate description, say in the form of a power law, but such refinement seems unwarranted presently. With knowledge of , , and , these three parameters and the thermoelastic slope , one can readily compute the curvature following a defined thermal loading history. For a thermal cycle from the release temperature to a maximum temperature , and back to (2) Fig. 7 . Thermoelastic slope versus temperature change as a function of the normalized gold film width for gold (0.5 m thick)/polysilicon (thickness = t ) strip-patterned beams. Open circles are finite element simulation results, the solid line is the analytical result of (3), and the filled circles are measurements.
In (2), denotes heating and denotes cooling. One can use (2) to describe the curvature evolution after the first and subsequent cycles by simply replacing with from the previous cycle and with the appropriate pair obtained at the end of the previous cycle. In (2) , is then interpreted as the maximum temperature reached in the current cycle.
For our measurements, all microstructures were all released at , and from the experiments we determined . Furthermore, it is a reasonable approximation to take , which simplifies (2) considerably. With these values fixed for all linewidths , the only parameters that depend on are and . With the terms as defined in (1), the curvature of the patterned line structure can be expressed as (3) where is the nondimensional linewidth; for , (3) reduces to (1). In Fig. 7 we plot the variation of with linewidth. The solid lines are predictions from (3) for various thicknesses of polysilicon. Also shown in Fig. 7 are predictions from finite element calculations (open circles) carried out to validate the analytical result of (3), and measurements (filled circles). The finite element calculations and measurements both show that (3) accurately describes the effect of linewidth on curvature development. In practice, many bilayer beams are cantilevered from one end. The tip deflection of a cantilevered beam of length that is patterned by a strip described by can be computed as . The effect of linewidth on the as-released curvature is shown in Fig. 8 . Previously we argued that depends primarily on the intrinsic film stresses that result from deposition, but its behavior as a function of linewidth is similar to that of . This is because although the magnitude of the curvature depends on the intrinsic stresses, the variation with linewidth is related more to the thermoelastic mechanics of the bilayer with internal stresses; these are well described by (3) . The release curvature versus the thermoelastic slope for all is also plotted in Fig. 9 . The release curvature increases with , approximately linearly.
We conclude this section by discussing the implications of these results in the design and realization of devices making use of thin film multilayers. As an example, consider a bilayer gold/polysilicon cantilever beam that serves as the active mechanical element in a switch array. During operation there are two key parameters that are strongly impacted by the cyclic thermal behavior discussed above: the linearity of the curvature developed as a function of temperature, and the curvature at room temperature (or any other specified temperature) which sets the reference state for the device. For example in an electrostatically-actuated switch, the room-temperature deflection sets the open or closed configuration, depending on the design, and linear response with a temperature change is desired to facilitate robust temperature compensation schemes. As shown in Figs. 3 and 4 , the linearity can be ensured over a certain temperature range by cycling the microstructure to a temperature higher than the maximum intended use temperature, i.e., by an-nealing it. For example, if the microstructure has been cycled to 200 , it can be expected to deform linearly over a temperature range with a maximum temperature less than 200
. Again, the complete characterization of the deformation-temperature behavior requires the consideration of the rate of temperature change, and in particular, the length of time the microstructure is held at the elevated temperature [24] . In addition, the thermomechanical behavior under cyclic loading can also be important in practice; this has received only limited study, but some aspects have been taken up in [25] .
Regarding the room-temperature (or any other temperature) deformation, it can be tailored by a combination of the structural geometry and the annealing process parameters. For the sake of discussion, consider the gold/polysilicon beam microstructure in Fig. 3 . Assume that a device application requires that after packaging, the beam is expected to have a curvature of 300 , for example, to yield a desired tip deflection of a cantilever. In addition, assume that a packaging process, e.g., wire bonding, exposes a microstructure to a temperature of 120
. If one simply carried out this process, upon return to room temperature the curvature would be about 400
, rendering the device unusable. Instead, if an anneal step were performed at 180 , for example, the curvature at room temperature after the anneal would be about 700
. Subjecting it to the 120 temperature during the packaging process would induce no further deformation upon return to room temperature since the deformation during that temperature change would be linear thermoelastic. Thus the proper anneal process would make the deformed shape of the microstructure stable during the packaging process. However, the curvature of about 700 , although stable, would still not be acceptable. The remaining challenge would then be to design the geometry, for example the layout of the gold film on the polysilicon, so that the room-temperature curvature after the anneal was the desired curvature. In the present example this can be accomplished by patterning the polysilicon beam with a gold line-the results shown in Figs. 7-9 can be used to guide the design. This example is intended to demonstrate that if one understands the deformation response, both material and structural, it can be used in the design process to facilitate high device yield. Furthermore, it can be taken advantage of by a clever designer to increase design flexibility.
IV. CONCLUSION
We studied the deformation of bilayer beam-like microstructures fabricated by the MUMP's surface micromachining process and subjected to a few temperature cycles from room temperature to elevated temperatures (100 -275 for the measurements) following processing and release from the substrate. Upon heating the response is linear thermoelastic until a critical temperature is reached and an inelastic deformation, presumably due to microstructural evolution, is activated. The response is again thermoelastic when the beam is cooled to room temperature. Qualitatively this behavior is unchanged if the polysilicon beam is not covered fully by gold but is covered only with a line. We developed a simple model to describe the phenomena, and showed experimentally, and in some cases analytically, how the parameters in the model vary with linewidth. We showed that one can take advantage of the deformation phenomena and via a suitable thermal process, the microstructure can apparently be stabilized over a prescribed temperature range, rendering the deformation linear thermoelastic. We discussed the implications of our findings in the context of the design and fabrication of devices utilizing multilayer material systems, and through an example, illustrated how they can be applied. While the experimental component of our study focuses on gold/ polysilicon bilayer films, we expect similar phenomena to arise with other metal films, although there will likely be quantitative differences. This appears to be the case with aluminum and copper films on thick substrates as studied in the context of microelectronics applications.
